Abstract. Single point incremental forming (SPIF) belongs to the branch of incremental sheet forming processes that enables plastic deformation of blanks without resorting to any specific die or punch. The main characteristics of SPIF determine its appropriateness for producing small batches or single products, being the medical implants one of the key potential fields of application, due to the need of product customization to each patient. Customization is particularly important for obtaining preoperative implants because it allows a significant decrease in the overall surgery time in conjunction with a higher level of flexibility to ensure the required shapes. This results in an improved final product either in aesthetic as well as in functional terms.
Introduction
Industrial production of sheet metal parts for medical applications running on either compounded dies, in which parts are produced in one press stroke, or in progressive dies that carry the blanks from one station to the next until the desired shape is obtained, determine the utilization of large batch sizes. Mass production is needed because the capital investment in equipment and tooling (that is, machine-tools and dedicated punches, dies and fixtures) is very expensive. Flexibility to meet customer's demand [1, 2] of highly customized sheet metal medical parts such as preoperative implants is lost. As a result of this, flexible manufacturing solutions provided by incremental sheet metal forming processes (ISF's) have, in recent decades, attracted much attention from the industrial suppliers of medical parts. Single point incremental forming (SPIF) is an innovative and flexible variant of ISF in which a simple tool whose path is generated in a CNC machining centre is utilized to progressively shape a blank into the required component. The blank is clamped in its periphery using a holding fixture as described elsewhere [3, 4] . The aims and objective of this paper are focused in assessing the feasibility of SPIF to produce medical parts and emphasis is put on the fabrication of a customized maxillofacial implant made from titanium (grade 2) under laboratory controlled conditions. The mechanical characterization of the material as well as the determination of the formability limits by necking and fracture combines classical sheet metal forming testing procedures with circle grid analysis. Numerical simulation of the process using the commercial finite element computer program ABAQUS supports the presentation and the computed estimates of failure are compared with the experimentally determined formability limits of the material.
Mechanical characterization and formability limits
Commercially pure titanium (TiCp Gr2) was chosen due to biocompatibility requirements that are typical of medical applications. The mechanical characterization and the formability limits of the material [5] were determined by means of tensile and hydraulic bulge tests. Special attention was given to strain hardening, anisotropy and failure by necking (forming limit curve, 'FLC') and fracture (fracture forming limit line, 'FFL').
Both formability limits are plotted in Figure 1 a) . As seen, the formability of titanium is relatively poor and reveals signs of interaction between instability and fracture close to equal biaxial stretching conditions. The poor workability of the titanium is attributed to the hexagonal closedpacked crystal structure of titanium at room temperature and the interaction between instability and fracture is consistent with the concept of local necking and ductile fracture being competitive modes of failure, which was originally proposed by Glover et al. [6] and comprehensively discussed by Embury and Duncan [7] . Single point incremental forming (SPIF) tests with truncated conical shapes having variable wall angles, were also performed, Figure 1b ) to determine the maximum drawing angle (Ψ max ) and to evaluate the experimentally measured strain path against the FFL that had been previously determined by the aforementioned formability tests. The experimental measured strains confirmed that truncated conical parts are formed under plane strain conditions and revealed a good agreement between the experimental strains at failure and the FFL (Figure 1 b) . The onset of failure by fracture occurred for a drawing wall angle of approximately 56 degrees and this value was taken as the maximum allowed drawing angle Ψ max for titanium (grade 2).
Experimental work
The geometry of the maxillofacial implant utilized in the investigation is shown in Figure 2 a) . In order to define the required tool path, a surrounding wall was created around the implant perimeter, connecting it to the initial blank position. The final geometry that was utilized for generating the CAM set of instructions is illustrated in Figure 2 
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A preliminary evaluation of the implant was necessary to determine if the wall angles of the model attained values greater than the maximum drawing angle Ψ max , which had been previously determined by SPIF of truncated conical parts. The result of this evaluation is shown in Figure 3a ) and the yellow-marked regions suggest the locations of the model where the drawing angles are above Ψ max .
a) b) Figure 3 a) Preliminary analysis to determine the wall angles of the model and b) The generated tool path.
In other words, the yellow-marked regions indicate the location of the model where failure by fracture is likely to occur whenever single-stage forming strategies are utilized to produce the implants. As seen, the designated locations fall outside the perimeter of the implant (Figure 4 a) and, therefore, one may expect that fabrication could be achieved without resort to complex multistage forming strategies that gradually increase the wall angle until achieving the desired final shape. However, as forming becames deeper, the initiated fracture enlarges and influences the final wall angles of the sheet metal part. Close to the final depth, another fracture appears inside the part, as shown in Figure 4 b). It is worth noticing that the final trimming process was performed without removing the sheet metal part from the jig used for the forming process. 
Numerical modelling
A three dimensional finite element computer model was created to analyse the deformation mechanics of the process and to assess the estimates of the formability limits against those experimentally determined. Due to lack of symmetry, it was necessary to utilize a complete FE model of the blank and tooling. The blank was discretized by means of layer of 8-noded hexahedral elements and computation made use of a selective reduced integration method (C3D8R from the ABAQUS library) and an arbitrary Lagrangian-Eulerian (ALE) procedure. The forming tool was modelled by a rigid analytical surface whereas the die was discretized by means of 3-noded rigid elements (R3D3 from the ABAQUS element library). The contact between the tool and the blank was modelled by the Coulomb friction law using a very small friction coefficient (0.01).
The Current State-of-the-Art on Material Forming
The prescribed tool path generated by the CAM software was uploaded into the FE computer model by means of an external user subroutine VUAMP, which reads the control points that are used in the CNC machining center to impose plastic deformation onto the blanks. In what concerns material modelling, titanium (grade 2) was treated as an elasto-plastic material with general anisotropy governed by Hill's 48 yield criterion. The relation between stress and strain was modelled by means of a power law with isotropic hardening. The formability studies made use of two different approaches; (i) the FFL and (ii) the ductile damage criterion based on the Lemaitre's approach [8, 9] . For the latter, an inverse analysis using data from the tensile tests was utilized in order to identify the damage parameters. The mechanical properties of the material that were used in the numerical simulation are summarized in Table 1 . 
Results and discussion
The FE simulation made use of a non-coupled approach between ductile damage and plasticity. Failure was assumed to occur when the damage attained a value greater or equal to 1. The same hypothesis was assumed for the FFL based criterion, where the fracture indicator was calculated as the ratio between the current maximum principal plastic strain and the corresponding value of strain at fracture. Figure 5 shows the computed distribution of ductile damage and of the fracture indicator based on the FFL criterion for a total amount of vertical tool displacement that immediately precedes failure by fracture. Similar results were found for the indicator based on the FFL criterion. In fact, the indicator attains a value equal to 1 in the same location of the blank for the same amount of vertical tool displacement (approximately 11 mm). This critical punch displacement is in good agreement with experiments and fracture location cope with the yellow-marked region that had been previously identified in Figure 3 . The final SPIF geometry obtained by FE analysis is shown in Figure 6 . Figure 6 Computer predicted final geometry of the maxillofacial implant (FFL indicator contour).
As seen in Figure 6 , there is another location, near to the larger fracture, which is also prone to develop failure by fracture, according to the FFL criterion. However, no failure was found to occur in this region during the experiments, probably due to the influence of the first fracture in the plastic deformation of the surrounding material.
Conclusions
This paper aimed at evaluating the potential of SPIF for producing a customized maxillofacial implant. Titanium (grade 2) was used for producing the implant and the corresponding mechanical characterization as well as the determination of the formability limits by necking and fracture were performed by combining classical sheet metal forming testing procedures with circle grid analysis. The finite element simulation of the process was performed by means of a numerical model developed by the authors and the predicted estimates of formability by two representative failure criteria were compared with the experimentally determined formability limits of the material. The correlation between the numerical estimates and experimentation is good both in the location and in the amount of vertical tool displacement.
The overall results show that SPIF is an appropriate manufacturing process to fabricate medical implants. Future research work will focus on improving surface finishing and dimensional compliance of the final geometry. Different lubricants, feed rates, spindle speeds, step-downs feeds and materials for the tool will be investigated as well as other methodologies based on multi-stage forming strategies and springback compensation procedures. Two point incremental forming (TPIF) procedures will also be considered.
